Reverse engineering of free-form surfaces is one of the most challenging technologies in advanced manufacturing. With the development of industry more and more sculptured surfaces, such as molds and turbine blades, are required to measure quickly and accurately. Optical non-contact probes possess many advantages, such as high speed, no measuring force, in comparison with contact ones. The ability of stereovision probe with CCD cameras in gathering a large amount of information simultaneously makes it the most popularly used one in sculptured surface measurements. So based on the laser triangular principle, a measuring and testing device with two CCD cameras was designed, and its accuracy was analyzed. With a virtual 3D target in form of a grid plate, all the intrinsic and extrinsic parameters of CCD camera including the uncertainty of image scale factor and optical center of camera can be readily calibrated. In order to obtain all the required data with high accuracy in a short time, the curvature-based adaptive sampling strategy is presented. Due to huge amount of arbitrary scattered points, the Delaunay triangular division and Bezier interpolation and NURBS interpolation are applied to get a continuous surface.
Introduction
Free form surface manufacturing is a key technology in advanced manufacturing technology. It is widely used in aerospace, aeronautic, automotive, video and photo camera, appliance, even in clothing and shoe making industries. Dies and moulds are the basic tools used in these industries to assure high productivity, low cost and required accuracy in production. For the complexity of free form surfaces, which usually cannot be expressed by mathematical equations, creating CAD models from physical objects is a growing demand in areas from automotive subcontracting to consumer products and industrial design. Then the accepted model is measured and the CAD and CAM programs are compiled based on the measured data. This practice is called reverse engineering [1] and widely applied in many fields of manufacturing engineering.
Arbitrary shape surface manufacturing is one of the most difficult problems in today's manufacturing technology. First of all it is related with the complexity of the surface form. The tool and workpiece should have a relative motion along a complicated trajectory, including certain angular motions to change the posture of the tool with reference to the workpiece. All the problems related with the surface modeling, CAD and CAM software, control system, alignment and tooling, measurements, tool form, deflection, fitting algorithm and many others, are complicated and might cause significant errors in arbitrary shape surface manufacturing.
It is desired to have a device which measures the form and dimensions of the free-form surface piece [2] [3] on the machine after first cuts and then make the compensatory cuts based on the results of measurement to assure required form and dimensional accuracy of the piece. Therefore a binocular vision probe is developed, which is based on the laser triangular principle and be fulfilled to measure the form and dimension of the high-reflective sculpture surfaces.
Working Principle
The working principle of the binocular vision probe is shown in Fig. 1 . A light stripe emitted from the laser head is projected on the surface measured. The light stripe is deformed in accordance with the form of sculptured surface. Two CCD cameras are used to capture the images of the deformed light stripe. The form and the position of the surface are determined by matching these two images [4] . The main trouble in measuring high-reflective sculptured surfaces is that the specular light is much stronger than the diffused one. Two images might be formed in each CCD camera. One is formed by the specular light, another by diffused light. For solving this problem a polarizer and two analyzers are used. The light stripe projected on the surface is linearly polarized. The specular light will be also linearly polarized whereas diffused light forms a polarization ellipsoid. The polarization directions of the analyzers are perpendicular to that of polarizer. The specular light is eliminated in large degree and only the diffused light can reach two CCD cameras. 
System Optimization
In order to optimize the structure of this device, a project for system optimization is presented. Due to the bilateral symmetry of this system, in Fig.2 only one camera is shown. w w w w O x y z is the workpiece system and c c c c O x y z is the camera system. The coordinate transformation relations between two systems can be expressed as 
where X and Y are coordinates of a point on the image plane and f is the camera constant. From
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x and w z are functions of ( , , , , , , ', ', )
In discussion of the optimal arrangement it is reasonable to assume However the larger the φ the larger the dimension of the probe. For reducing the dimension of the probe / 6 φ π = is taken in our design.
Camera Calibration
In order to obtain the corresponding relationship between the positions of the points in space and the pixel numbers in the images camera calibration is essential. In the current time Tsai's two step method [5] is the most popularly used method among techniques for calibrating camera parameters. This method determines most of the camera parameters including camera constant f, coordinates of the image center ( x C , y C ), lens distortion coefficient k and position of the camera with reference to the artifact, based on the radial alignment constraint by using nonlinear searching. But this method cannot determine the uncertainty of the scale factor in horizontal direction x s . For solving this problem a technique based on a virtual 3D artifact shown in Fig.3 is proposed in this paper.
Since 3D artifact is difficult to make a 2D artifact in form of a grid plate is applied in our study. The grid plate is mounted at different heights during the calibration process to form a virtual 3D artifact. The following equations can be written. ' ' T   r  T  r  T  r  T  T  s  T  r  s  T  r  s  T  r  s  T  a  a  a  a In Formula (9) i=1~N, N is the total number of calibrated points. All values except ( x C , y C ) are obtained from calibration measurement. The coordinates of the center of computer frame memory are taken as the initial values of ( x C , y C ) . L′ can be determined by least square fitting. Since 
After x s has been obtained Tsai's two-step method can be applied to calibrate all the intrinsic and extrinsic parameters of the camera. For improving the accuracy of calibration iterations are often required.
Sampling Strategy and Data Reconstruction
Sampling strategy is important to obtain all the required data with high accuracy in a short time. Through the following two steps the curvature-based adaptive sampling strategy is presented:
(a) By using least square fitting the curve on each cross section is gotten from the scanned data. Curvatures of curves on different cross sections are calculated. The curvature values are served as the base for adaptive sampling.
(b) More points should be sampled in the area with larger curvature. In other words, the density of the sampling points is higher in the region of large curvature. A partial interpolation method based on the moment-equilibrium principle is adopted for determining the positions of sampling points.
Due to huge amount of sampled data a data reduction [6] algorithm based on distance criterion is applied before data reconstruction [7] . A straight line is formed by two end points P 1 and P n of the light stripe after image processing. A point Pm with maximum departure from line P 1 P n is found and distance δ from Pm to line P 1 P n is calculated. All points between P 1 and P n will be ignored and replaced by a straight line P 1 P n if 0 δ δ < , where 0 δ is the given threshold. P m will be kept for further data processing if 0 δ δ > , and P m will be used as the new end point. Two straight lines P 1 P m and P m P n are formed. The whole process repeats until all points on the line stripe will be processed.
(a) Result of Delaunay triangulation (b) NURBS surface Fig.4 The reconstruction result of a workpiece surface Since only the NURBS meets the requirement defined by STEP and is applicable for reverse engineering an algorithm combining triangular Bezier patch-modeling technique with NURBS Materials Science Forum Vols. 471-472 511
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x O y plane of the world coordinate system. There is a correspondence between point in space and projected point in case of monotonic convex or concave sculptured surface. The Delaunay triangular division and Bezier interpolation are applied to get a G 0 continuous Bezier surface. The projection of the reconstructed Bezier surface on w w w x O y plane is divided into grids to meet the requirement of NURBS modeling. NURBS interpolation is applied to get a G 2 continuous surface. Smoothing this surface is carried out by adjusting the controlling points.
Conclusions
This paper presented an online measurement system for free-form surfaces using binocular vision probe combined with CMM. With the calibration method, we can get the scale factor in horizontal direction x s , and all the calibration parameters procedure become clearer and easier, which solves the problems of Tsai's two steps method. For the signal process, a new sampling strategy is studied and a general triangulation method for arbitrary scattered points in plane domain is introduced. The measured surface can be reconstructed by the practical method that combined Bezier interpolation with NURBS algorithm.
